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a  b  s  t  r  a  c  t
Changes  in microstructure  and  technical  properties  of  vitriﬁed  ceramic  samples,  prepared  from  kaolinitic-
clay and  feldspar-rich  raw  materials  from  Cameroon,  against  feldspar  content,  ﬁring  temperature  and
soaking  time  were  investigated  by  X-ray  diffraction  and  scanning  electron  microscope,  and  using  full
factorial  design.  Mullite,  glassy  phase  and  spinel  were  formed.  The  development  of  the  two  former  phaseseywords:
itriﬁed ceramic
ull factorial design
eramic properties
improved  the studied  ceramic  properties.  The  results  of  the full  factorial  design  showed  that  temperature
was  the  most  inﬂuential  factor,  and  its increase  had  a positive  effect  on  ceramic  properties.  The  effects
of  the  ﬂux  content  and  soaking  time  were  somewhat  comparable  and  their  impacts  were  similar  to that
of  temperature.  The  effects  of  interactions  between  the  factors  were  relatively  less  important  and  their
weights  differed  for  properties.
©  2014  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by
material (F) from Mayouom and Dschang (Cameroon), respectively,
were used as basic materials for the studied blends. Their miner-
alogical compositions are reported in Table 1. Details relevant to
these materials were reported elsewhere [15,16].
Table 1
Mineralogical composition of the raw materials used.
K I Q An H Ap Ab Mi  O. Introduction
Vitriﬁed ceramic materials such as stoneware have good
echanical and thermal resistance, and low water absorption.
hus, they are widely used as tableware, sanitary objects, and
all and ﬂoor tiles. Their body essentially consists of kaolinite,
uartz and K-feldspar [1,2]. The magnitude of properties such as
ring shrinkage, water absorption and mechanical strength of vitri-
ed ceramics are inﬂuenced by various factors including: chemical
nd mineralogical compositions of feeding materials, grain size
istribution, ﬁring cycle parameters and ﬁring atmosphere [3–6].
xperimentally, many trials are required for evaluating the effects
f these factors and their mutual interactions on ceramic proper-
ies. The response surface methodology (RSM) is generally used for
he reduction of the number of experiments and the determina-
ion of a response value for any chosen natural variables belonging
o the investigated experimental domains [7–10]. The full facto-
ial design has also proven to be a useful method for such studies.
any reported works related to this statistical tool have evaluated
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the effects of the mixtures of raw materials on technological prop-
erties of ceramic materials [11–14]. To the best of our knowledge,
the effects of manufacturing conditions using full factorial design
are not studied.
The aim of the work was to investigate the microstructure
of vitriﬁed ceramic samples prepared from raw materials from
Cameroon, and evaluate the effects of feldspar content, tempera-
ture and soaking time on water absorption, shrinkage, density and
bending strength using full factorial design.
2. Materials and experimental methods
Kaolinite-rich clays, labelled MY3  and MY4, and a feldspar-richMY3 80 8 6 4 1 1 – – –
MY4 58 7 33 1 tr tr – – –
F  – – 13 – – – 40 41 6
K: kaolinite; I: illite; Q: quartz; An: anorthite; H: hematite; Ap: apatite; Ab: albite;
Mi:  microcline; O: oligoclase.
tion and hosting by Elsevier B.V. All rights reserved.
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Table  2
Experimental design matrix and measured values of the considered responses (Y1: water absorption; Y2: ﬁring shrinkage; Y3: density; Y4: bending strength).
Run x1 X2 X3  (wt%) T (◦C) t (min) Y1 (%) Y2 (%) Y3 (MPa) Y4 (g/cm3)
1 −1 −1 −1 20 1150 10 10.78 1.9 7 1.89
2  +1 −1 −1 40 1150 10 11.05 3.5 6 1.87
3  −1 +1 −1 20 1250 10 5.67 6.7 25 2.10
4  +1 +1 −1 40 1250 10 1.51 10.1 30 2.21
5  −1 −1 +1 20 1150 120 9.83 4.6 13 1.95
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The investigated domains of temperature (T), feldspar con-
ent () and soaking time (t) were 1150–250 ◦C, 20–40 wt%  and
0–120 min, respectively. They were deﬁned in relation to some
eported results dealing with vitreous ceramics manufacturing
1,17–19]. The test-pieces were shaped and heated as described
lsewhere [9].
The relation between a ceramic property (Y) and the coded vari-
bles: X1, X2 and X3, which are related to the natural variables,
amely T,  and t, was expressed as [7–9]:
 = b0 + b1 X1 + b2 X2 + b3 X3 + b12 (X1X2) + b13(X1X3) + b23 (X2X3)
here X1 = ( − o)/; X2 = (T − To)/T; X3 = (t − to)/t; o, To and
o are the values at the centers of the aforementioned domains. ,
T and t  are the variation steps of the natural variables, respec-
ively. Details on this model are given elsewhere [9]. Values of the
oefﬁcients bi and bij were determined by least-square regression
sing the New Efﬁcient Methodology for Research using Optimal
esign (NEMROD) software [20]. For this goal, eight experiments,
.e. 2k experiments (k is the number of the natural variables (3))
ere planned. The planned experiments and the corresponding
easured properties (water absorption (Y1), shrinkage (Y2), density
Y3) and bending strength (Y4)) are reported in Table 2.
. Results and discussion
.1. Phases identiﬁcation and microscopic examination
◦At low ﬁring temperature (1150 C) and ﬂux content (20 wt%)
he increase of soaking time resulted in the vanishing of spinel,
 partial disappearance of feldspar and development of mullite
Fig. 1). In these conditions, rare dispersed featureless zones
70605040302010 2Θ°
ig. 1. X-ray diffraction patterns of ceramic bodies containing 20 wt%  feldspar ﬁred
t 1150 ◦C. Soaking time: (a) 10 min; (b) 120 min. Ab: albite; Sp: spinel; Mi: micro-
line; Q: quartz.120 3.29 8.7 26 2.14
120 2.79 8.7 27 2.21
120 0.04 12.3 42 2.23
(solidiﬁed melt) were observed (Fig. 2). However, likely because
of their small size, particles of neoformed phases were not visible.
On the other hand, ﬁring at 1150 ◦C together with the use of
higher amount of feldspar (40 wt%) yielded mullite and allowed a
limited reactivity of feldspar (Fig. 3). Moreover, the glassy phase
became abundant and elongated pores coalesced (Fig. 4a). The use
of high temperature (1250 ◦C) and low ﬂux amount resulted in the
occurrence of mullite without alteration of the content of quartz.
Mullite particles became discernable and occurred as oriented
acicular precipitates localized within the glassy phase (Fig. 4b).
At moderate ﬁring temperature and soaking time, mullite devel-
oped with the increase of the ﬂux content, and feldspar was
still present in ﬂux-rich samples. Besides the rare particles of
feldspar, an intense melting took place, leading thus to a less porous
microstructure (Fig. 5a). The use of high temperature (1250 ◦C) and
ﬂux content (40 wt%) gave way  to mullite, which manifested as
dendrites on the outer zone of the glassy phase (Fig. 5b).
The disappearance of the spinel phase (probably Al–Si spinel)
together with the formation of mullite lets to think that the later
phase formed according to the pathways [21–23]:
Al2O3 · 2SiO2 · 2H2O
(Kaolinite)
→ Al2O3 · 2SiO2 + 2H2O
(metakaolin)
2(Al2O3 · 2SiO2) → (2Al2O3 · 3SiO2)
(Al–Si spinel)
+ SiO2
3 (2Al2O3 · 3SiO2) → 2(3Al2O3 · 2SiO2)
(mullite)
+ 5SiO2
Mullite could also be formed from the melt by nucleation in the
front of the alumina-rich melt built up around the glassy phase
nucleus.
The determination of the Munsell codes and the naked eye con-
trol of the hue change of samples ﬁred at different conditions did
not show signiﬁcant differences (Table 3). The presence of biotite,
which is a minor associated mineral of feldspar, did not alter the
white hue of the ﬁred samples. Thus, the basic raw materials were
suitable for manufacturing white ceramic products.
3.2. Effects of the processing factors on the studied properties
The calculated values of the coefﬁcients of the polynomial equa-
tions of Y1 (water absorption), Y2 (ﬁring shrinkage), Y3 (density) and
Y4 (bending strength) are given in Fig. 6. The comparison of the rep-
resentative bars of b1, b2 and b3 showed that temperature was the
most inﬂuential factor. Njoya et al. [10] reported a similar result
using Doehlert matrix.
Considering the algebraic values of b2 (weight due to the
temperature effect), the increase of temperature reduced water
absorption and increased shrinkage, density and strength. Such
positive effects are related to the strong inﬂuence of temperature
on the melt formation, and consequently on the sintering process.
Positive effects were also induced by the increase of feldspar con-
tent and soaking time, but they were relatively less important. They
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Fig. 2. SEM micrographs of blends containing 20 wt%  feldspar ﬁred at 1150 ◦C. Soaking time: (a) 10 min; (b) 120 min. g: glassy phase; f: feldspar.
Table 3
Munsell code and visual color of samples ﬁred at different conditions.
a b c d e f g h
Munsell code 5YR8/1 5YR8/1 5YR8/1 2,5YR8/0 5YR8/1 10YR8/1 5YR8/1 2,5YR8/0
Visual color White White White Dull white White White White Dull white
a:  = 20 wt%; T = 1150 ◦C; t = 10 min; b:  = 40 wt%; T = 1150 ◦C; t = 10 min; c:  = 20 wt%; T =
t  = 120 min; f:  = 40 wt%; T = 1150 ◦C; t = 120 min; g:  = 20 wt%; T = 1250 ◦C; t = 120 min; h
70605040302010
b
a
2Θ°
Fig. 3. X-ray diffraction patterns of a mixture with 40 wt% feldspar ﬁred at 1150 ◦C.
Soaking time: (a) 10 min; (b) 120 min. Mu:  mullite; Ab: albite; Q: quartz. result in the increase of Y1. This result was not supported by the cal-
culated values reported in Fig. 7b. It was  believed that the inﬂuence
F
M
ig. 4. SEM micrographs of blends containing different amounts of feldspar ﬁred at diffe
u:  mullite; g: glassy phase. 1250 ◦C; t = 10 min; d:  = 40 wt%; T = 1250 ◦C; t = 10 min; e:  = 20 wt%; T = 1150 ◦C;
:  = 40%; T = 1250 ◦C; t = 120 min.
were almost comparable for water absorption and shrinkage, but
slightly different in the case of density and bending strength.
The effects of interactions between the factors on the stud-
ied properties were discussed based on the algebraic values of bij
(Fig. 6) and diagrams of Fig. 7. Considering for instance Y1; temper-
ature and felspar content acted antagoniscally (b12 < 0) and varied
independently. The ﬁrst fact can be well ﬁgured out from Fig. 7a, i.e.
the simultaneous increases of T and  from 1150 to 1200 ◦C and 20
to 40 wt%  reduced water absorption from 10.3 to 0.77%. As a mat-
ter of fact, such reduction could not be entirely due to the inﬂuence
of the interactions between the factors since the magnitude of b12
was less appreciable. The second fact was visualized by the parallel
dashed segments (Fig. 7a). In other words, an almost constant varia-
tion (∼3.3%) of Y1 was obtained for samples with 20 and 40 wt%  ﬁred
at 1150 and 1200 ◦C. On the other hand, T and t were dependent and
acted synergistically. This observation is contrary to that observed
in the previous studies [10] using Doehlert matrix in which these
two factors were antagonistic. The factors dependence could be
simply deduced from Fig. 7b as the dashed lines were not parallel.
Because of their synergetic effects, the increase of T and t shouldof the interaction was negligible compared to the individual effects.
As far as the interactions of factors are concerned, concurrent
rent temperature for 120 min. (a)  = 40 wt%, T = 1150 ◦C; (b)  = 20 wt%, T = 1250 ◦C.
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Fig. 5. SEM micrographs of ceramic bodies with different contents of feldspar ﬁred at different temperature. (a)  = 30 wt%, T = 1200 ◦C, t = 65 min; (b)  = 40 wt%, T = 1250 ◦C,
t  = 10 min. Mu:  mullite; g: glassy phase; Q: quartz.
Fig. 6. Values of the linear and quadratic coefﬁcients of the mathematical equations expressing the variations of water absorption (Y1), ﬁring shrinkage (Y2), density (Y3) and
bending strength (Y4) versus coded parameters associated to the studied operating factors.
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gFig. 7. Diagrams representing the effects of interacti
ncreases of  and t should lead to the reduction of water absorption
b13 < 0). As a consequence of the increases in soaking time and ﬂux
mount from 10 to 120 min  and 20 to 40 wt% respectively, water
bsorption declined from 8.22 to 1.66% (Fig. 7c). In this respect, it
ould be noted that  and t were dependent factors (Fig. 7c).
. Conclusions
Firing at low temperature and soaking time of the studied mix-
ures of kaolinitic-clay and feldspar-rich materials resulted in the
ormation of spinel, and the technical ceramic properties were
elow the required magnitudes for vitreous ceramic products. The
se of high temperature and soaking time yielded mullite and a
lassy phase, and consequently ceramic properties were improved.tween the studied factors on water absorption (Y1).
The full factorial design was proven a useful tool for evaluating
the effects of feldspar content, temperature and soaking time on
vitreous ceramic properties. In this respect, it was concluded that
the increase in temperature had a marked and positive effect on the
measured properties. Positive effects also were due to the increase
of the ﬂux content and soaking time. The weights of interactions
between the factors were less signiﬁcant and varied for properties.
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